Mutations in PARK2 and PARK6 genes are responsible for the majority of hereditary Parkinson's disease cases. These genes encode the E3 ubiquitin ligase parkin and the protein kinase PTENinduced kinase 1 (PINK1), respectively. Together, parkin and PINK1 regulate the mitophagy pathway, which recycles damaged mitochondria following oxidative stress. Native parkin is inactive and exists in an autoinhibited state mediated by its ubiquitin-like (UBL) domain. PINK1 phosphorylation of serine 65 in parkin's UBL and serine 65 of ubiquitin fully activate ubiquitin ligase activity; however, a structural rationale for these observations is not clear. Here, we report the structure of the phosphorylated UBL domain from parkin. We find that destabilization of the UBL results from rearrangements to hydrophobic core packing that modify its structure. Altered surface electrostatics from the phosphoserine group disrupt its intramolecular association, resulting in poorer autoinhibition in phosphorylated parkin. Further, we show that phosphorylation of both the UBL domain and ubiquitin are required to activate parkin by releasing the UBL domain, forming an extended structure needed to facilitate E2-ubiquitin binding. Together, the results underscore the importance of parkin activation by the PINK1 phosphorylation signal and provide a structural picture of the unraveling of parkin's ubiquitin ligase potential. . Multiple studies show that in response to mitochondrial oxidative stress parkin activity is stimulated through phosphorylation by PINK1 (4, 5). This in turn facilitates parkin-mediated ubiquitination of several proteins at the outer mitochondrial membrane and signals the turnover of damaged mitochondria through the mitophagy pathway (6-8). Some mutations in parkin cause its dysfunction, leading to an accumulation of mitochondrial damage that appears to be especially detrimental in neurons, a potential cause for Parkinson's disease.
Mutations in PARK2 and PARK6 genes are responsible for the majority of hereditary Parkinson's disease cases. These genes encode the E3 ubiquitin ligase parkin and the protein kinase PTENinduced kinase 1 (PINK1), respectively. Together, parkin and PINK1 regulate the mitophagy pathway, which recycles damaged mitochondria following oxidative stress. Native parkin is inactive and exists in an autoinhibited state mediated by its ubiquitin-like (UBL) domain. PINK1 phosphorylation of serine 65 in parkin's UBL and serine 65 of ubiquitin fully activate ubiquitin ligase activity; however, a structural rationale for these observations is not clear. Here, we report the structure of the phosphorylated UBL domain from parkin. We find that destabilization of the UBL results from rearrangements to hydrophobic core packing that modify its structure. Altered surface electrostatics from the phosphoserine group disrupt its intramolecular association, resulting in poorer autoinhibition in phosphorylated parkin. Further, we show that phosphorylation of both the UBL domain and ubiquitin are required to activate parkin by releasing the UBL domain, forming an extended structure needed to facilitate E2-ubiquitin binding. Together, the results underscore the importance of parkin activation by the PINK1 phosphorylation signal and provide a structural picture of the unraveling of parkin's ubiquitin ligase potential. E3 ligase | Parkinson's disease | conformational change | phosphorylation | ubiquitin P osttranslational modifications are sophisticated biological "switches," relaying molecular signals to govern cellular processes and respond to external stimuli. Under conditions of oxidative stress, two modifications in particular, phosphorylation and ubiquitination, cooperate to regulate mitochondrial dynamics and restore homeostasis (well reviewed in ref. 1) . The ubiquitin (Ub) ligase parkin (encoded by the PARK2 gene) and Ser/Thr kinase PTEN-induced kinase 1 (PINK1, encoded by PARK6) are important regulators of mitochondrial dynamics and mutations in either gene are causative of familial forms of Parkinson's disease (2, 3) . Multiple studies show that in response to mitochondrial oxidative stress parkin activity is stimulated through phosphorylation by PINK1 (4, 5) . This in turn facilitates parkin-mediated ubiquitination of several proteins at the outer mitochondrial membrane and signals the turnover of damaged mitochondria through the mitophagy pathway (6) (7) (8) . Some mutations in parkin cause its dysfunction, leading to an accumulation of mitochondrial damage that appears to be especially detrimental in neurons, a potential cause for Parkinson's disease.
Parkin belongs to the RBR subfamily of E3 ubiquitin ligases (9) that function by transferring Ub from an E2-conjugating enzyme to a substrate through an E3-Ub intermediate (10) . These enzymes are structurally autoinhibited in their native states by unique accessory domains (11) (12) (13) , indicating that RBR ligases must be activated to carry out their full ubiquitination potential. Specifically, parkin contains an N-terminal ubiquitin-like (UBL) domain shown to inhibit Ub ligase activity (11) . Threedimensional structures of parkin show UBL associates with the C-terminal region (R0RBR) through both ionic and hydrophobic interactions, blocking the proposed E2 recognition site (14, 15) . PINK1 stimulates parkin activity through phosphorylation of both Ub and parkin's UBL domain at an equivalent serine 65 position in sequence and structure (16) (17) (18) (19) (20) (21) . Whereas each phosphorylation event can increase parkin activity independently, maximal activity is obtained when both parkin and Ub are phosphorylated (18, 19) . Phosphorylation of parkin at S65 increases parkin's affinity for phosphoubiquitin (pUb) (14, 15, 22, 23) . Three-dimensional structures show this optimizes a pUb binding site, remote from the UBL site (15) , and computational models predict local structural changes occur in the UBL domain upon phosphorylation (24) . Further, binding of pUb allosterically induces a conformational change in parkin, liberating parkin from its autoinhibited state (14, 15, 22, 25) .
Although the functional effect of PINK1 on parkin activity is well reported, the molecular interpretation of the UBL phosphorylation signal especially in conjunction with pUb is less clear. In this work, we present the solution structure of PINK1-phosphorylated UBL (pUBL) from human parkin. We find that altered thermodynamic stability and surface potential in pUBL disrupt the autoinhibitory association in parkin. Further, we show phosphorylation of both UBL and Ub is needed to release the UBL domain and form an extended structure where the E2-binding site is unprotected, allowing its recruitment during the ubiquitination cascade.
Significance
Parkinson's disease is a devastating neurodegenerative disorder that can be inherited through mutations in genes encoding the kinase PTEN-induced kinase 1 (PINK1) or the ubiquitin ligase parkin. Parkin exhibits neuroprotective properties by ubiquitinating proteins on damaged mitochondria, leading to their turnover. However, parkin exists in an inactive state that must be alleviated by PINK1 phosphorylation. Therefore, the molecular interpretation of the phosphorylation signal is immensely valuable to our understanding of parkin's role in mitochondrial maintenance and neuronal fidelity. We present the 3D structure of the phosphorylated inhibitory domain of parkin and describe the structural changes that lead to activation of the enzyme. Alongside the available phosphoubiquitin structure, this study completes a structural picture of PINK1-orchestrated parkin activation in impaired mitochondria.
Results and Discussion Phosphorylation of Parkin UBL Decreases Its Stability. We produced the human parkin UBL domain fully phosphorylated at S65, using a catalytically active insect orthologue of PINK1 (26) (Fig. S1 A and B) . Compared with UBL, pUBL had decreased solubility and was more prone to precipitation. We hypothesized that phosphorylation negatively impacted the stability of the UBL fold, as has been reported for several disease forms of the UBL (27) . Circular dichroism (CD) spectra for UBL and pUBL showed similar spectral signatures with minima observed near 205 nm and 222 nm (Fig. 1A) , characteristic of the β-grasp ubiquitin fold. However, thermally treated pUBL showed a lower transition temperature than UBL (Fig. 1A and Fig. S1C ) and chemical denaturation experiments confirmed pUBL was significantly less stable than UBL, undergoing a much earlier unfolding transition in urea (Fig. 1B) . Because pUBL is less stable and more susceptible to aggregation than UBL, we used 4,4'-bis-1-anilinonapthalene-8-sulfonate (bis-ANS) fluorescence to probe for changes in hydrophobicity upon phosphorylation. Interestingly, bis-ANS showed markedly greater fluorescence in the presence of pUBL compared with UBL (Fig. 1C) , suggesting the hydrophobic surface of pUBL is altered. These results show that phosphorylation of UBL results in structural changes that perturb its folding pathway and thermodynamic stability.
Solution NMR Structure of Phosphorylated Parkin UBL. To identify the structural effects of phosphorylation and establish how this modifies the UBL association with parkin, we determined the solution structure of pUBL, using NMR spectroscopy ( Fig. 2A and Table S1 ). Our 25 lowest-energy structures form a canonical β-grasp ubiquitin-like fold: a four-strand β-sheet (β1, M1-R6; β2, F13-V17; β3, L41-I44; and β4, V67-Q71) and two α-helices (α1, I23-Q34; and α2, V56-C59). In comparison with the human and mouse UBL crystal structures ( Fig. S2 A and B), obvious structural changes occur near the S65 phosphorylation site where the protein backbone is rotated and exposes the sidechain of phosphoserine 65 (pSer65). This conformational change eliminates a hydrogen bond between the S65 hydroxyl group and the backbone amide of D62. The reorganization is translated to the upstream residues, L61-I66 ( Fig. 2 A-C) , forming a new α-helix-like structural element (α2-L, L61-Q64) that was supported by backbone coupling constants, secondary structure propensity, and chemical shift analysis (Fig. S3 ). Amide temperature coefficients (∆δ NH /∆T) for pUBL also showed large decreases near the S65 phosphorylation site compared with UBL, including Q63 and Q64 in the α2-L structural element ( Fig. S4 ) indicative of amide hydrogen bonding (28, 29) . In contrast, the amide of pSer65 showed increased temperature dependency, reflecting the loss of hydrogen bonds with F4 in β1, shortening the terminal β4 strand. As a result of these structural changes in pUBL, sidechain atoms of D62, Q63, and Q64 are oriented away from the backbone into solvent, whereas the aliphatic sidechain of L61 is buried into the protein core. This was confirmed by 1 H-15 N heteronuclear NOE measurements • C by CD ellipticity at 222 nm. Observed denaturation midpoint ± SE is indicated beside each curve. (C) Bis-ANS fluorescence in the presence of UBL and pUBL. An increased fluorescence for pUBL indicates a greater exposed hydrophobic surface than for UBL.
that showed phosphorylation increases flexibility in the D62-Q64 loop and releases pSer65 and I66 from β4 (Fig. S5) .
A hydrophobic core comprising residues M1, V3, V5, I23, F45, A46, L50, V56, and V67 and centered around L61 exists in pUBL as supported by extensive backbone and sidechain NOEs between these aliphatic residues ( Fig. 2E and Fig. S6 ). The movement of pSer65 into the bulk solvent uncovers a portion of this hydrophobic core close to the region suggested to be important for cleft widening with the linker region in parkin during activation (24) . Whereas 1 H-15 N heteronuclear singlequantum coherence (HSQC) data report several large chemical shift changes upon phosphorylation (22) , these do not report this change to the hydrophobic core (Fig. S7 ). In contrast, 1 H-13 C HSQC spectra demonstrate extensive changes in the methyl resonance positions of M1, V3, I23, A46, L50, and L61 upon phosphorylation (Fig. 2D ) despite being distant in space from the phosphate group in our structure. In addition, large chemical shift changes to the sidechain methyl atoms of I66 are observed. These structural changes reaffirm the bis-ANS experiments that showed modified hydrophobicity in pUBL upon phosphorylation.
The structure of pUBL stands in stark contrast to the pUb crystal structure, where the overall structure of pUb is nearly identical to the unphosphorylated state ( Fig. S2C) (21) . In pUb the structural hydrogen bond from pSer65 to the backbone amide of Q62 is preserved, maintaining the orientation of the surrounding backbone residues. These observations provide an explanation for the key differences in physical and functional properties between pUb and pUBL.
pSer65 Modifies the Ionization Network in pUBL. In pUBL, the pSer65 phosphate is directed toward R6 and H68 in most of the calculated structures (average distance: 4.8Å), owing to multiple NOEs observed between I66, R6, and H68 ( Fig. 2B and Fig. S6 ). We hypothesized that a transient ionic interaction may exist between the negative phosphate group on pSer65 and the basic sidechains of R6 or H68. Consistent with this idea, chemical shift analysis confirmed the N 2-protonated tautomer of H68, with N 2 oriented toward pSer65 in all calculated structures. To further investigate this, we performed pH titrations to measure the pKa of H11 and H68 in UBL and pUBL by tracking the H signals in 1 H-13 C HSQC spectra. Whereas phosphorylation has no effect on the pKa of H11, the pKa of H68 increased by 0.5 unit to 5.97 (Fig. 2F) . We noted that in addition to H68, sidechain methyl groups of L61 in pUBL (but not UBL) titrated with pH, suggesting their chemical environment is also affected by ionization. Fitting of the L61 titration data results in a pKa of 6.41 (Fig. 2F) . Because L61 is distant from H68 in our pUBL structures, we suspected this might be reporting ionization of the pSer65 phosphate from the −1 to −2 charge state. We confirmed this by measuring the titration of the pSer65 amide proton, calculating a similar pKa value of 6.47, consistent with observations for phosphoproteins (30, 31) . These experiments indicate that the ionization network in pUBL is altered upon S65 phosphorylation and provide evidence that pSer65 partially neutralizes the H68 positive charge.
Phosphorylation Alters the UBL Association in Parkin. Given that parkin autoinhibition is maintained through intramolecular interactions with the β-sheet face and I44-patch of UBL, we sought to examine how phosphorylation might directly perturb this binding interface. We previously observed that S65 phosphorylation results in ∼10-fold weaker binding of pUBL vs. UBL when measured in trans (26 µM vs. 3.8 µM K d ) (15) . To investigate the structural basis of the weakened affinity, we calculated the surface electrostatic potential of the UBL-R0RBR binding interface (32) . On its parkin-interacting surface, UBL has an overall positive surface that interacts with an overall negative surface on R0RBR (Fig. 3A, Left) . Upon phosphorylation, the predominantly −2 charge of the O-phosphate group changes the surface to a more negative state by partially neutralizing charges on the β-sheet face of pUBL (Fig. 3A, Right) . The additional negative potential on the pUBL surface is unfavorably brought into close proximity to the negative binding pocket on R0RBR. We generated a model of pUBL-bound parkin, maintaining the I44-centered binding interface observed in crystal structures (14, 15) ( Fig. 3 B and C) . In this model, I44 and V70 maintain contact with L266, as their aliphatic sidechains show minimal change in structure and chemical environment upon phosphorylation (Fig. 2D) .
However, pSer65 is brought into close proximity of the RING1 domain, specifically the carboxylate group of D274, resulting in electrostatic repulsion and disruption of the polar interactions of D274 with R6 and H68 (Fig. 3C) . These changes to electrostatic interactions in the binding pocket provide a rationale for the poorer autoinhibition observed in phosphorylated parkin. To further examine how phosphorylation of the UBL domain modulates its interaction with parkin, we probed the pUBL-R0RBR interaction by transverse relaxation optimized spectroscopy (TROSY) from the perspective of R0RBR. Consistent with the calorimetric data, NMR experiments showed pUBL is still able to bind parkin in trans, despite the weakened affinity. Many of the perturbed residues in RING1 and IBR are affected in a similar fashion for binding of pUBL and UBL, indicating that the RING1/IBR interface is still used for pUBL recruitment ( Fig. 3D and Fig. S8 ). Further, we did not observe chemical shift changes in RING0 or RING2 upon binding of pUBL, indicating the arrangement of these domains is not modified nor does pUBL interact specifically with either domain (Fig. S8) . The most significant changes in chemical shift upon phosphorylation occur in the tether region (residues F381-T415) connecting the IBR and RING2 domains (Fig. 3D) . Much of this region is flexible based on heteronuclear NOE experiments (15) and is unresolved in crystal structures (15, 35) . Chemical shift perturbations show that a portion of this tether (residues F381-E385) lies near the UBL domain in the autoinhibited state. However, phosphorylation of UBL leads to more pronounced changes in the magnitude and direction of chemical shifts for several residues in the tether when pUBL is titrated into R0RBR parkin (Fig. 3D and Fig. S8 ). These differences when pUBL is bound, especially in residues G385-E395, suggest these are specifically reporting the phosphate moiety and indicate that pSer65 is likely near this portion of the tether. Notably, we do not observe chemical shift changes beyond R396, a region that includes W403 and is proposed to suppress ligase activity by blocking the E2 binding site (35, 36) . Therefore, it is conceivable that UBL phosphorylation serves a dual purpose: It optimizes the pUb-binding site (15) and primes the upstream region of the tether for remodeling to accommodate the incoming E2-Ub conjugate.
pUb Activation Leads to an Extended Parkin Structure. Most biophysical experiments to evaluate the impact of S65 phosphorylation have been conducted in trans, using pUBL and R0RBR constructs of parkin. To examine how phosphorylation might alter the structure of full-length parkin in cis and to identify how pUb activation further modulates this, we used analytical ultracentrifugation (AUC) to probe the hydrodynamic shape of parkin in solution. We purified native, fully S65-phosphorylated parkin (pParkin), and homogenous pParkin/pUb complexes by size exclusion chromatography (15, 23) . Both parkin and pParkin displayed similar sedimentation profiles and rates (S 20,w = 3.86 S and 3.88 S, respectively), indicating both forms of parkin are monomeric and retain the same compact shape under the conditions tested where the UBL (pUBL) domain is associated with the R0RBR domains (Fig. 4A, black and red) . To complement these studies, we calculated hydrodynamic properties of autoinhibited parkin, using available 3D structures (15, 21, 34) . Results from this approach (3.86 S, R G = 27Å) matched nearly perfectly with the experimental data for parkin and pParkin (Fig. 4A) . In contrast, pParkin/pUb was reproducibly found to sediment faster by ultracentrifugation at 4.02 S (Fig. 4A, blue) . Whereas an increase in sedimentation coefficient is expected due to the addition of pUb (∼9 kDa), the modest increase in the sedimentation rate must be offset by a change in hydrodynamic shape, reflected in the frictional coefficient (f/f 0 ). Indeed, f/f 0 increased from 1.30 to 1.37 with the addition of pUb, indicating pParkin/pUb adopts a more extended conformation in solution. Hydrodynamic calculations using the autoinhibited structure (15) with pUb bound to the observed pUb binding site (22) yielded a sedimentation coefficient of 4.56 S, much larger than observed experimentally (4.02 S). Together these results show that pParkin/pUb does not maintain a compact structure.
To determine the position of pUBL in the pParkin/pUb complex, we generated 200 models where pUBL is randomly displaced from R0RBR by its disordered 65-residue linker (residues G77-I142) (33) . Visual inspection shows that pUBL samples the available conformational space surrounding R0RBR in different models (Fig. 4B) and occupies a Gaussian distribution of sedimentation coefficients that averages 3.89 S (Fig. 4C) . The most extended model had a sedimentation coefficient of 3.36 S, reflecting pUBL displaced by a near-linear linker (R G = 54Å). In contrast, the most compact model observed was autoinhibited pParkin/pUb (4.56 S, R G = 27Å). These observations are consistent with molecular dynamics calculations for compact and extended forms of parkin (24) . Taking all calculated structures into account, the observed sedimentation coefficient (4.02 S) for pParkin/pUb is most consistent with an average structure whereby pUBL is displaced from R0RBR with R G ≈ 32Å, occupying a range of positions dictated by the configuration of the disordered linker.
To support our model that phosphorylation of parkin and engagement by pUb are needed to release the pUBL domain, we collected a series of T2-filtered 1 H-15 N HSQC experiments for parkin, pParkin, and pParkin/pUb. Because backbone 15 N atoms in parkin have a short bulk T2 (20 ms) consistent with its 52-kDa size, we used a short T2 relaxation period to effectively suppress most signals arising from the structured domains of parkin. As expected, the resulting 1 H-15 N HSQC spectrum of parkin showed only a series of sharp signals arising from the flexible linker (residues K76-R140), the tether region (E382-T414), and multiple loops in the protein (Fig. S9A) . Remarkably, the addition of pUb to pParkin resulted in the complete appearance of amide resonances assigned to pUBL (Fig. S9B) due to a much longer T2 of these atoms after displacement from R0RBR. This result supports our sedimentation velocity experiments that show the full extrusion of the UBL domain occurs only upon PINK1 phosphorylation and recruitment of pUb.
Conclusion
Autoinhibition of parkin activity by its UBL domain is a fascinating evolutionary result to suppress substrate binding in a ubiquitin ligase enzyme. Parkin's UBL shares high sequence and structural conservation with Ub, yet is significantly less thermodynamically stable (27) . We show PINK1 phosphorylation further destabilizes the UBL by modifying its secondary structure, hydrogen bonding, and hydrophobicity, creating a new secondary structural element (α2-L) near the phosphorylation site proposed to be important for interactions with the linker based on computational studies (24, 37) . The significant structural differences in pUBL compared with pUb show why it cannot compete for the pUb-binding site, yet can independently increase parkin activity, if only partially. We show the orientation of the phosphate group toward H68 and the R0RBR binding interface alters the autoinhibitory interaction and provides a rationale for the weakened affinity observed in trans (14, 15, 22) . Further, our results add to the growing consensus that it is primarily the pUb signal that is responsible for the conformational change that relieves UBL-mediated autoinhibition (14, 15, 18, 22, 38) . Although the specific order of phosphorylation events in cells remains controversial, parkin has evolved such that each phosphorylation signal induces a positive effect on activity and the receptors for each signal are physically distinct. Therefore, the proposed mechanism of activation is consistent with a feed-forward model to rapidly induce parkin ubiquitination at any stage in the mitophagy cascade (23) . The pUBL structure solved here and the model of phosphorylation-activated UBL release provide a unique understanding of parkin's complex function.
Materials and Methods
Full methods are provided in SI Materials and Methods. Proteins were expressed and purified as described in ref. 15 . NMR data were collected on a Varian Inova 600-MHz spectrometer. Structure of pUBL was determined using manual and automatic NOE assignments in CYANA (39), using standard protocols and water refined in X-PLOR-NIH (40) . Electrostatic calculations were performed using APBS (32) . Interaction experiments of (p)UBL and R0RBR parkin were performed as described in ref. 15 . AUC experiments were analyzed in Sedfit (41) . Models of pParkin/pUb with unstructured residues 77-142 were generated using the ensemble optimization method (33) . Radii of gyration and sedimentation coefficients were calculated in HYDROPRO (34) .
